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Stable dual-wavelength operation of InGaAs diode lasers coupled with volume Bragg gratings has
been demonstrated for the continuous wave and gain-switching regimes. Spectral narrowing down
to 0.33 nm has been realized with maximum output power of up to 1.85 W from a broad area stripe
laser diode in a single-grating external cavity configuration. Spectral separation from 0.5
共0.16 THz兲 to 6.5 nm 共2.05 THz兲 has been obtained and an output power of up to 1.75 W was
achieved in dual-wavelength operation. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2802082兴
Compact laser sources with deliberately configured characteristics are of significant interest due to a variety of applications. Two-color lasers are particularly desirable for use in
distance measurements, imaging systems, spectroscopy, and
terahertz difference signal generation.1–4 One of the ways to
achieve multiwavelength operation from a laser diode is by
utilization of the external cavity technique, which provides
the relative flexibility in the choice of laser diode, optical
components, and cavity configuration, compared to monolithic dual microcavities or dual distributed Bragg reflector/
distributed feedback laser diodes. Recent demonstrations of
dual-wavelength operation from a single laser diode in the
gain switching as well as the continuous wave regimes have
been realized with diffraction gratings,5 grating—V-shaped
stripe mirror,6 fiber Bragg gratings7 共FBGs兲, sampled Bragg
gratings in PLC,8 intracavity tilted Fabry-Pérot étalon and
Brewster window9 as elements of an external cavity. However, limitations on output power due to high intracavity
losses and the obvious complexity of the cavity with requirements on careful alignment of each of the optical elements
pose some restraints on external cavity applications.
Volume Bragg grating 共VBG兲 is an optical element combining the best attributes of FBGs and thin film filters. This
type of grating has been effectively used for laser diodes
spectral narrowing and spectral beam combination, providing
strong frequency selective optical feedback, compactness,
low losses, and high brightness.10–12
In this letter, a simple optical scheme for stable singleand dual-wavelength operations of laser diodes by means of
volume Bragg gratings was proposed and demonstrated.
Spectral narrowing down to 0.33 nm was obtained with
maximal output power of up to 1.85 W from a broad area
a兲
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laser diode in single-wavelength operation. A selective frequency tuning of 0.16– 2.05 THz was observed, with an output power up to 1.75 W achieved from a broad area InGaAs
laser diode in dual-wavelength operation.
The VBGs were fabricated in photothermorefractive
共PTR兲 glass. PTR glass is a multicomponent silicate glass
doped with Ag, Ce, and F. Volume hologram formation in the
PTR glass was achieved by a two stage process. In the first
stage, a latent image of a grating was formed in the volume
of the glass matrix by exposure of a PTR glass plate wafer
with an interference pattern from a cw HeCd laser. The second stage consisted of a thermal development at high temperature 共⬎500 ° C兲. During this stage, a crystalline phase
consisting of NaF nanocrystals formed in the volume of the
glass. The refractive index of NaF crystals is lower than that
of the glass matrix and hence a transformation of the latent
image into a phase volume grating then occurs.10,11
The reflecting type of VBGs was employed for the experimental work with the gratings specifically designed to
reflect at separate wavelengths determined by the period of
the Bragg gratings10 in the spectral range from
971 to 978 nm and with corresponding diffraction efficiencies 共DEs兲 from 13% to 47%. In order to fabricate VBGs
with various reflectivities, each grating underwent a separate
thermodevelopment with the processing times varied. The
duration of each thermodevelopment was precalculated to
produce the desired refractive index change in the recorded
wafer. The value of refractive index change determines the
reflectivity of a grating with given parameters. Additionally,
each developed wafer was then polished and cut into several
gratings and each of these gratings was subsequently
polished further to yield samples of different thicknesses in
the range from 0.25 to 1.5 mm. It should be noted that the
grating thickness 共GT兲 defines its spectral selectivity
共see Table I兲.
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TABLE I. Parameters of volume Bragg gratings 共VBGs兲 used. Summary
results of single- and dual-wavelength operations of 150 m stripe InGaAs
laser diode 共2.1 W at 3 A in cw in free running geometry兲 with an external
cavity formed by the VBGs
VBG’s parameters
Bragg
wavelength 共nm兲

Single-wavelength operation

DE
共%兲

GT
共mm兲

FWHM
共nm兲

Average output
power 共W兲

a

15
25
47

0.25
0.46
0.68

0.83
0.63
0.44

1.80
1.78
1.45

973.7a

15
25
13
31

1.09
0.86
0.67
1.08

0.40
0.42
0.49
0.33

1.85
1.78
1.85
1.75

46

1.50

0.50

1.45

971.5
972

975.6a

978

Difference
frequency 共THz兲
0.54
0.70
1.14
1.30
2.05

Dual-wavelength operation
Bragg
DE
Average output power
wavelengths 共nm兲
共%兲
共W兲
973.7a/972
971.5a/973.7a
976.5a/972
976.5a/971.5a
971.5a/978

15/ 47
15/ 15
13/ 47
13/ 15
15/ 46

1.5
1.7
1.5
1.75
1.5

a

grating with AR coating on front facet.

The VBGs were investigated with narrow ridge and
broad area stripe quantum well InGaAs/ GaAs laser diodes
共LDs兲 in the continuous wave 共cw兲 and gain-switching 共GS兲
regimes. The ridge waveguide LD 共single mode兲 had a cavity
length of 750 m with an active stripe width of 3 m and an
emission wavelength of 980 nm. The spectral bandwidth
共⌬兲 in free running geometry was estimated to be ⬍1 nm
full width at half maximum 共FWHM兲 in the cw regime and
⬃15 nm FWHM in the GS regime with an average output
power of 60 mW, achieved for an applied forward bias of
100 mA. The typical gain-switched pulse duration obtained
from the ridge waveguide LD without optical feedback was
⬃35 ps FWHM, through the application of a sinusoidal rf
modulated frequency, in the range of 1.7– 2.7 GHz. The optical pulses were detected using a fast InGaAs photodiode
with a time response of 12.5 ps, and displayed by a 50 GHz
sampling oscilloscope.5,13 The second laser source employed
was a 150-m-broad area LD with a cavity length of 1 mm
and an emission spectrum centered at 976 nm 共⌬ = 4 nm
FWHM兲. This had an output power of 2.1 W for a dc forward bias of 3 A. The front facets of both the narrow and
wide stripe LDs were antireflection 共AR兲 coated with reflection of 0.5%.
Spectral narrowing of each of the LDs with the VBGs as
output couplers of the external cavity was examined in the
experimental setup shown in Fig. 1. The LD was mounted on
a copper heat sink 共H兲 and maintained at a constant temperature using a thermoelectric cooler. The laser emission was
collimated with an AR-coated 30⫻ aspherical lens 共L兲 in
order to achieve optimal coupling with a grating sample. The
VBG was placed in the beam of the LD and adjusted to
achieve efficient diffraction. In this configuration, the grating
both operated as a reflective narrow band filter and an output
coupler, providing strong frequency selective feedback. The

FIG. 1. Simplified schematic of an external cavity laser diode 共LD兲 with
volume Bragg gratings 共VBG1, VBG2兲: H, copper heat sink and L, collimating lens.

external cavity length was varied over a wide range from
3 to 30 cm. Dual-wavelength operation was realized by employing the same setup but with the addition of a second
VBG, as additionally illustrated in Fig. 1. The separation
distance of the grating samples 共VBG1 and VBG2兲 was varied from 0.01 to 5 cm.
Initially, the gratings were inspected with the ridge
waveguide LD in the cw and GS regimes in a single-grating
scheme. Stable spectral narrowing in both of the regimes was
observed with different external cavity lengths 共3 – 30 cm兲. It
was noted that the pulse duration slightly increased compared with that observed for the GS LD without an external
cavity. Spectral bandwidths 共FWHM兲 were measured in the
range from 0.33 to 0.83 nm, with the values observed seem
to be dependent on the thickness of the VBGs 共see Table I兲.
The side mode suppression ratio 共SMSR兲 was over 20 dB. A
hyperbolic relationship between spectral selectivity and
thickness of gratings was identified such that the spectral
selectivity of the VBG appeared to become narrower with
increasing grating thickness 共see the inset in Fig. 2兲. It is
anticipated that a VBG with a reasonable thickness of several
millimeters could exhibit selectivity in the range of 100 pm
in IR spectral region. Also, desirable mode selection with
VBGs can be based on different angular distributions of in-

FIG. 2. Emission spectra of 150 m stripe InGaAs LD 共3 A forward bias,
cw regime兲 with an external cavity formed by the VBGs: 共a兲 free running
geometry 共gray curve兲, single-wavelength operation 共black curve兲, and 共b兲
dual-wavelength operation. The inset is a dependence of spectral selectivity
共FWHM兲 of the VBGs on thickness.
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tracavity modes since volume gratings work in angular space
共or space of wave vectors兲.10
Dual-wavelength operation of the ridge LD was also observed in the experimental setup described in Fig. 1, with the
addition of a second grating 共VBG2兲. Selective frequency
offset ranging from 0.16 to 2.05 THz was realized by combining two VBGs with different Bragg wavelengths with the
narrow stripe LDs in the cw and the GS regimes. For the GS
regime, with VBGs as external reflectors, a slight increase in
the average output power was observed, of 45 mW compared with 40 mW from the cw regime. This can be explained by a decreasing LD lasing threshold current in the
presence of external feedback and higher sensitivity of the
LD to feedback in the GS regime than in the cw which becomes apparent by an increase of the average output power
in GS regime. This increase is more obvious for narrow
stripe LDs and that the change in ratio of the threshold injection currents with and without external cavity is higher
compared with wide stripe LDs. It should be mentioned that
the dual-wavelength operation of the ridge LD with the external cavity formed by VBGs was kept stable in both
regimes.
In order to achieve higher output power in single- and
dual-wavelength operations, the broad area stripe LD was
employed. Figure 2共a兲 represents the broad area LD emission
spectrum with 共black curve兲 and without a grating sample
共gray curve兲. The values of spectral bandwidth and SMSR
were similar to those observed with the ridge waveguide LD.
The output power from the broad area LD in the cw regime
with a VBG as the external cavity element was observed to
be in the range from 1.45 to 1.85 W 共see Table I兲 depending
on the gratings DE and AR coatings present 共2.1 W in free
running geometry兲. As was anticipated, the maximum output
power was achieved with the VBG with DE of 13% which
was sufficiently enough to keep single-wavelength operation
stable within the wide range of the external cavity lengths.
The output spectrum of the dual-wavelength external
cavity broad area stripe LD with VBGs is represented in
Fig. 2共b兲, showing emissions at 972 and 978 nm 共frequency
difference of ⬃1.9 THz兲 with equal intensity of oscillations
which is particularly important tetrahertz beat signal
generation.14 The same selective frequency offset
共0.16– 2.05 THz兲 was also realized with the broad area LD
in the cw regime 共Table I兲. The maximum output power of
up to 1.75 W was achieved in dual-wavelength operation
共see Table I兲, taking into account that the grating samples had
AR coatings only on the front facets.
Spectral narrowing down to 50 pm has been recently
demonstrated with an uncoated glass plate as an external
cavity reflector providing less than 4% feedback.13 It is anticipated that a further reduction of grating DE down to

2–5% and optimization of the VBG thickness could yield a
significant increase of power in spectrally narrow LD output.
Losses associated with an induced absorption in the matrix
and scattering resulting from refractive index differences between the crystalline phase and glass matrix can be technologically kept on the level of 10−2 – 10−3 cm−1.10
It is our belief that employment of VBGs with optimized
DE, as well as design VBGs with more than one grating in
the same volume of the glass will allow an increase in output
power and significantly reduce the system size.
In conclusion, a simple scheme for stable single- and
dual-wavelength operations of both narrow ridge and broad
area stripe InGaAs LD was demonstrated in the cw and GS
regimes. The spectral narrowing down to 0.33 nm was
achieved in single-wavelength operation. A difference frequency step offset in the range of 0.16– 2.05 THz was observed for a dual-grating external cavity. Maximum values of
output power of 1.85 and 1.75 W were achieved from a
broad area LD in single- and dual-wavelength operations 共
2.1 W in free running geometry兲, respectively.
The authors would like to acknowledge C. Moore, Dr. G.
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